Room temperature measurements of electrical resistivity and thermal conductivity of various graphites by Ewing, W. M. et al.
••
•
•
•
•• • ••
•
• 9 0.00•
A	 •
0 
•
. • •
0000 *.  • •
••"• •0: • ••
• o •
 00
• ' •
•^ •• ••
•
•• • •
• • ••
00000.0  •
g o
•	 •
•• ' 
•• • •%0•
960's..00
4	 • •
t
1
V
y E ofw aE0 0 ^
E d c^
_o > c
o d 
^v -v
c c-m •--
d E U
O
c `eq
U ^^N U -N O3
= d
t _ C
N i
0 C)
o cv c
c ev
VF
A
H
Y
W
Z
W
x
O
V
W
O
H
Z
W
Z
t
O.
W
Q
H
W
V
WhZ
CD
LL-
0
Z.
a
U_Z
.Z
UW
J
^vN
CA
VHAV
v
.o
CL
`o
s
0
CL
CL
A
c
v
.a
NAZ
CV
E
0
u0
N
t
I—9
C^
(O12NL-T!",-°3477)ROOM T EMPE
MEASUREKENTS OF ELECTRICAL
TrLFRMAL CONDUCTIVITY OFVAH
D.L. t9cF1roY, et alT.ab.1 Ju.l. 190 1_ 1_1^-
(PAGES
(NASA CR O TMX OA
RATURE
RESISTIVITY AND
RIOUS GRAPHITES
idgo national
CSCL 11D  G.3/ 18AMBER) ^—
(THRU)
(CODE)
AD NU ER)
(CATEGORY)
Unclas
(?9008
•
• •	 •
https://ntrs.nasa.gov/search.jsp?R=19720010924 2020-03-11T18:39:10+00:00Z
ORNL-TM-3477 
Contract No. W-7405-eng-26 
METALS AND CERAMICS DIVISION 
ROOM TEMPERATURE MEASUREMENTS OF ELECTRICAL RESISTIVITY 
AND THERMAL CONDUCTIVITY OF VARIOUS GRAPHITES 
D. L. McElroy T. G. Kollie 
W. M. Ewing R. S. Graves 
R. M. Steele 
Work perfor.med under NASA Order 1-58, 508 
AEC Interagency Agreement 40-258-70. 
Ills r.port wu prepar.d as 8" account of work 
lOillOred by the United State. Government. Neither 
I. Unlt.d Stlte. nor the Unlt.d States Atomic Energy 
ommllllon, nor any of tbelt employees, nor any of 
t.lr contractor., subcontractors, or their employees, 
lake. Iny wlrranty. expre •• or implied, or a .. umes any 
,.. Ulbillt)' or' r.sponlibUity for the ~ccuracy, com~ 
leten ... or \llefuln ... of any Information, apparatu., 
roduct or ,roee .. dllcloled, or r'presents that its use 
iould not lnfrlnle privat,ly owned rights, 
, ..' ., -
JULY 1971 
OAK RIOOE NATIONAL IABORATORY 
Oak Ridge, Tennessee 
operated by 
UNION CARBID.E CORPORA'l'ION 
for the 
U is. ATOMIC ENERGY COMMISSION 
---
li1Ii 1 .~IF 
. .. /\ 
'. 
l 
~.,' 
,'\ 
.. ' .. ' 
iii 
CONTENTS 
,Page 
Abstract •. 
Introduction 
. . . . ~ . . . . . 
. . . . • • • • • • • • 
Electrical Resistivity Measurements 
• • • • • • • • · . . . . . . . 
• • • • • • • • • • II • • • • • 
· . . . . . · . • • • • • • • • 
Preparatory Electrical Resistivity Measurements on 
Selected Graphites . . . . . . . • • • • . . . • • • • • • • • • • 
Electrical Resistivity Results on 120 Graphite Samples • • • • • • • 
1 
'1 
2 
4 
6 
Discussion of Electrical Resistivity Results . . . • . . . . • . •• 6 
Thermal Conductivity Apparatus . . . . • • . • . . . • • . • . • . . 12 
Comparative Heat Flow Apparatus Tests . • . . . . . • . . • • . . • 13 
Thermal Conductivity Results • . • . . • . . • • • . . • • • • . • • 14 
Comparison of Predicted and Measured Thermal Conductivity Values • • 18 
Conclusions • • • • • • • • • • • • • • • • • • • • • • • • • • •• 20 
,'} 
I 
t $ , 
1 , 
I 
i 
j 
, :~ 
ROOM TEMPERATURE MFASUREMENTS OF ELECTRICAL RESISTIVITY 
. ' 
AND THERMAL CONDUCTIVITY OF VARIOUS GRAPHITES 
D. L. McElroy T. G. Kollie 
W. M. Ewing R. S. ,praves 
R. M. Steele 
ABSTRACT 
Room temperature measurements of the electrical resistiv-
i~y, p or l/rr, are reported on 120 graphite samples supplied 
by NASA-Langley Research Center. Room temperature thermal 
conductivity, A, measurements were completed on 10 samples 
selected from this lot to uniformly span the range of p val-
ues. From these data and other ORNL measurements a A-a cor-
relation was established to predict room temperature A values 
for the 120 graphite samples. This equation, 
A = 1.56 X 10-3 rr - 0.266 X 10-6 rr2 , 
represents available A and rr data to about ±8%. 
INTRODUCTION 
The thermal conductivity, A, and electrical resistivity, P, of the 
family of materials called graphites are altered significantly by a 
large number of parameters including impurities, lattice imperfections, 
the orientation and the size of the anisotropic grains and crystallites, 
the degree of graphitization,.the nature of the raw materials, porosity, 
etc. 1 These variables are so-combined that either specific property of 
a given graphite is virtually impossible to predict and must be empiri-
cally assessed (measured). Several correlations between A and lip or rr 
lC. Y. Ho, R. W. Powell, and P. E. Liley, Thermal Conductivity of 
Selected Materials, Part 2, NSRDS-NBS16 (February 1968). 
I 
2 
have been proposed as a m~~ns to reduce this dilemma. 2- 4 The present 
work was designed to test these·corr~la.tiQns a.nd to predict " for 
120 gra.phite samples. 
ELECTRICAL RESISTIVrrY MEASUREMENTS 
Electrical resistivity measurements near room temperature were 
made on 120 graphite samples using a four-probe direct-current tech-
nique. The 120 samples were supplied by NASA-Langley Research Center 
as right cylinders nominally 1.25 cm in diameter and 2.5 cm long. This 
four-probe technique uses direct-current leads brought into contact with 
the end faces of the sample and knife-edges of known separation 
('" 1.0 cm) contacting the cylindrical surface of the sample. For the 
four-probe direct-curr'ent technique the electrical· resistivity of 
cylindrical specimens is calculated from 
Ac E 
P = T e I ' 
where 
Ac is the cross-sectional area of the specimen, em2 , 
£ is the distance between the knife-edges, em, 
E is the average potential drop between the knife-edges for the 
current in the forward and reverse directions, V, and 
I is the average of the forward and reverse currents, A. 
(1) 
The procedure to obtain an electrical resistivity value for each 
sample involved a number of steps. First, the diameter of each specimen 
was measured at four points near its center to ±0.0002 cm with a 
micrometer. These values were averaged and the area was calculated 
presuming circular cross section. The knife-edge separation, £, was 
2R. W. Powell, Proc. Phys. ~oc. (London) ~(4), 419-25 (1937). 
3 L• M. Currie, V. C. Hamister, and H. G. MacPherson, "The ,Prodllction 
and Properties of Graphite for Reactors," pp. 451-473 in Proc. Intern. 
Coni'. Peaceful Uses Atomic Energy, Geneva, 1955, Vol. 8, Columbia University 
Press, New York, 1956. 
4J. P. Moore and W. P. Murray, private communication to 
R. T. Goodpasture, Y-12 Plant, April 10, 1968. 
., 
.. 
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determined by an optical microscope and by electrical resistivity mea-
surements on a Hastelloy N specimen of known electrical resistivity. 
These results agreed to ±0.05% and yielded an £ of 1.00856 cm. The 
ends of each specimen were polished parallel with coarse sandpa.per, and 
indium foil was used to sandwich the specimen under pressure between 
two graphite'electrodes ina special holder. (The reasons for this 
procedure" ar~ expiained below.) The knj,f'e-edge assembly was lowered 
onto the center of the' sample and d~~~ct current was applied to the 
' .. 
specimen. The il'la,gnitude of .the current was" det"ermined from the voltage 
drop across a standard 0.1-0 resistor in seI."i~"~·,wit1:l the .. spectmen. 
The specimen temperature was determined by a. pt vs .. Pt'~O'Rhl 0 thermo-
couple spring-loaded to the cylindrical surface of the sample opposite 
the knife-edge contacts. The small current « 0.5 A) applied to 'the 
sample did not cause any significant heating of the sample. The thermo-
couple reference junction was a dewar flask filled with an ice-water 
mixture to yield a reference temperature of O°C. 
A computer-operated data acquisition system CODAS (a Digital 
Equipment Corporation PDP-8 and peripheral equipment) was used to o~tain 
all voltage measurements required for the four-probe technique. Fol ... 
lowing a command signal, CODAS sequential~ obtained 20 readings ot the 
current, the thermocouple output, and the voltage drop, reversed the 
current direction 'through the specimen, and obtained 20 readings of the 
voltage drop, the thermocouple output, and the current, and returned 
the current to the forward direction. This procedure required about. 
8 sec. 
The CODAS print-out included the thermocouple reading and the 
specimen electrical resistivity. The latter was calculated from the 
av'erage of the 40 E and I readings and the appropriate specimen area 
using Eq. (1). Following a 60-sec hold, CODAS repeated the entire 
procedure, so at least two p determinations were made on each specimen 
and these data agreed to better than ±0.2~. 
.1 
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PREPARATORY ELECTRICAL RESISTIVITY MEASUREMEMS 
ON SELECTED GRAPHITES 
The length-to-diameter ratio (~ 2:1) for the NASA supplied samples 
was not ideal for electrical resistivity measurements using a knife-
edge separation of 1 em. Our prior experience on rod samples with 
length-to-diameter ratios greater than 30 has revealed geometric 
effects on eurrent flow near the sample ends. A nonuniform current 
distribution results in a nonuniform potential drop which leads to 
erroneous p values. This effect can be avoided if the voltage taps 
(knife-edges) are placed more than 1.5 sample diameters away from the 
ends. Such a displacement is obviously not possible for the NASA 
s ang;>le.G • 
In fact for a I-em knife-edge and 2.5-cm-long specimen, the knife 
blades can be only 0.75 cm from each end. To circumvent this difficulty, 
we per:f.'ormed a series of tests to allow p measurements with the kn.ife-
edge center placed less than 1 diameter from the specimen ends. Three 
graphites were selected from ORNL stock material to span a broad p 
range, and these were machined to rods, 7.5 cm long and 1.25 cm in 
diameter. With our 1.5 ratio criterion these samples allowed good 
central p measurements with the l-cm knife-edge. The three. graphites 
were: 
1. Type L3l, a nearly isotropic material, p ~ 2920 Iln-cm. 
2. Type ATJ, with the rod axis perpendicular to the molding 
direction (parallel to a-axis)., p ~ 1155 Ilft-cm. 
3. Type AGar, 1n th the rod axis parallel to the extrusion axis 
('With grain direction, parel.llel to a-axis), p ~ 815 Ilft-cm. 
By experimenting with the character of the specimen-electrode 
interface, we hoped to obtain p values along the specimen length to 
within one-half diameter of the ends that agreed with the central p 
values. OUr early attempts without indium fOils, with nonparallel 
specimen ends, and with vari,ous copper bra.ids yielded end p values that 
were as low as 60% of the central p value. 
We eventually found that under compression a O.Ol2-cm-thick indium 
toil disk mated well to roughened specimen and electrode surfaces and 
5 
that p values could be obtained along the specimen lengths and to one-
half diameter from the ends that were well within 2% of the central 
p value. upon removal of 1.25 cm from each specimen end, the p values 
one-half diameter from the end did not change more than 1.3% and removal 
of another 1.25 cm from each end yielded central pvalues within 0.5% 
bf the original central p values. These results are shown in Table 1 
for 7.5-, 5-, and 2.5-cm specimen lengths. This established a useful 
means to avoid geometric end et"fects on the current distribution to 
better than 1% for the NASA samples. Furthermore, these results were 
independent of the specimen p value from 800 to 2900 ~n-cm. 
Table 1. Electrical Resistivity Values Obtained During 
Study to Eliminate Geometric Effects on Current 
Distribution Using Indium Foil and Rough Surfaces 
Overa.ll Electrical Resistivity Observed at 
Type Length of Indicated Position, IJ.n-cm 
Graphite Sample 
(em) 1.15 cm 2.41 cm 3.81 cm 5.21. cm' 6.48 
131 7.5 2914 .. 2905 2917 29CJ7 2905 
5.Q 29CJ7 2917 . 2919 
2.5 2923 
ATJ 7.5 1174 1168 ill 5 1155 1126 
5.0 1163 1154 .1141 
2.5 1160 
AGar 7.5 791 803 815 799 812 
5.0 807 8lA 797 
2.5 813 
cm 
In addition, these tests yielded samples of known electrical resis-
tivity of the same size as the NASA samples. This allowed the ATJ 
sample to be substituted into the system after ever,y sixth sample as a 
test to show that the proper loading procedure was being maintained. 
Nineteen such checks were made with p values for the A~J sample ranging 
from 1146.0 to 1157.8 ~n-cm which is, within -0.8 to +0.25~ of the 
1155 IJ.n-cm value observed for the 7.5-cm ATJ spec~enoenter. 
\ j 
j 
'" 
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ELECTRICAL RESISTIVITY RESULTS ON 120 GRAPHITE SAMPLES 
'" 
Using the procedure described above, p measurements were completed 
on the 120 graphite samples. Two readings were taken for each specimen 
mounting with repeatability, generally about ±0.2 ~n-cm, although occa-
sionally differences of as much as 1.4 ~n-cm were noted. Duplicate and 
triplicate setups on about 13 samples yielded p values agreeing to ±l%. 
This leads us to believe the p results'are certainly correct to ±2% and 
probably to ±l%. 
Table 2 contains the average p values observed for the various 
specimens, which range from 800 to 8600 ~n-cm. nle specimen tempera-
, tures ranged from 23.4 to 24.4°C so the results in Table 2 are reported 
at 23.9°C. A histogram with a 200-~n-cm grouping of these p values 
showed more than half of the specimens fell from 800 to 1600 ~n-cm. 
Thus half of the specimens chosen for thermal conductivity measurements 
were selected in the range 800 to 1600 ~n-cm and half from the 1600 to 
8600 ~fl-em range. 
DISCUSSION OF ELECTRICAL RESISTIVITY RESULTS 
Since the authors did not select the 120 samples, we can only 
speculate about interpretation of the p results. If we presume that 
. , 
each group of three specimens in Table 2 are from various portions of 
a given type of graphite stock with the same specimen axis orientation, 
then the results indicate some of the variability of the var.ious types 
of graphi tes. On this basis more than half of the groups show sample-
to-sample p varia.tions of less than 4%, abou'c one-eighth of the groups 
show 4 to 8% p va,riations, a.nd one-third show p variations greater than 
8%. Or if thevario'~, -1, -2, -3, specimens of a group were orthogo-
nally machined, then these same statistics reflect the anisotrcrpy 
present, in the graphite types. 
Furthermore, same comparison of graphite types is possible. The 
ORNL--L3l (p ~ 2920) versus liASA-L3l (p ~ 3198) (Table 2) indicates the 
varia-bili ty of lots, but the general agreemerJ.t of magnitude of p values. 
. ' . . 
The ORNL ATJ (p ~ 1155) for the perpendicular direction versus the 
7 
Table 2. Average·E1ectrica1 Resistivity Values and 
Computed Values of Thermal Conductivity 
for 120 NASA Graphite Samples 
Specimen Average Group Variation Computed 
NASA Graphite Electrical Pma.x-Pmin/Pav Thermal 
Designation Type Res isti vi ty . x 100 Conductivity (~n-cm)a (i) (W/cm deg) 
113-1 COO 1835.7 (2) 0.771 
113-2 COO 1819.7 (2) 0.777 
113-3 COO 1676.6 (6) 0.836 
8.95 
213-1 CMII 1816.6 (2) 0.778 
213-2 CDAII 1724.8 '(2) 0.815 
213-3 eDAII 1760.1 (2) 0.800 
3.20 
·313-1 H-205-85II 1269.2. (2) 1.064 
313-2 H-205-85n 1252.0 (2) 1.076 
313-3 H-205-85 n 1240.0 (2) 1.085 
1.53 
4B-1 H-20511 1149.9 (2) 1.155 
4B-2 H-20511 1143.8 (2) 1.161 
413-3 H-20511 1108.6 (2) 1.191 
3.64 · 
5B-1 MHLM-85 II 870.9 (3) 1.441 
513-2 MHLM-85 II 867.1 (2) 1.445 
513-3 MHLM-85 II 840.2 (2) 1.480 
3.57 
6]3..1 MEUM" 896.9 (2) 1.409 
613-2 MHIM II 974.3 (2) 1.321 
613-3 MHLM II 973.1 (2) 1.322 
8.16 
7B-l 9RLII 1216.2 (i) 1.103 
7B-2 9RLI! 1104.1 (6) 1.195 
7B-3 9RLII 1190.8 (2) 1.122 i 
9.58 h I 8B-1 3499-811 1313.5 (2) 1.033 8B-2 3499-8 " 1324.0 (2) '\ ! t 1.027 
813-3 3499-8 II 1286.9 (2) '. 1.052: 
. '. "1.' 
2. 84~ i 
9B-1 400011 1419.4 (6) ~. , 0.96'" ';, i, 
913-2 400011 1599.6 (2) ;. O.B?l " I, \1 I \ .... . .',. 
913-3 400011 15<?4.3 (2) '0.919 ';. 
~ ! . " ll.95 :.;.::, 
, 
'::l 
.;" 
.. ~ , 
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Table 2 (continued) 
Specimen Average Group Variation Computed Gra.phite Electrical Pmax-Pmin/Pav : Thermal NASA 
',Type 'Res isti "Ii ty , coriauctivity _ f DeSignation ' )a 'X 100 (W/cm deg) [ " (~n-cm (~) 
" 
,10B-1 E2411 3664.2 (2) 0.406 
10B-2 E24u 3680.9, (2) 0.404 
10B-3 'E24 II 3708.8 (2) 0.401 
1.21 
liB-I 39-RLII 1207.6 (2) 1.109 
11B-2 39-RLII 1208.2 (2) 1.109 
11B-3 39-RLI! 1191.2 (2) , 1.122 ';' , 
1.41 
12 B-1 349911 1134.0 (2) 1.169 
12B-2 349911 ' 1110.0 f2~ 1.189 
12B-3 3499/1 1124.5 2' 1.177 
2.lA 
DB-I ATJII 1433.3 (2) 0.959 
13 B-2 ATJII 1481.5 (2) 0.931 
J3B-3 ATJII 1469.4 (2) 0.938 
3.30 
lA.:s.-l ATJSII 1267 • 0: (4) • ,1.066 
14B-2 ATJS'II 1162~5 (4) 1.145 
14B-3 ATJSm 1208.3: (2) 1.109 
8.62 
15B-1 ATLn 1352.7 (2) 1.008 
15 B-2 ATL/J 1387.4 (2)' 0.986 
15 B-3 ATLn 1340.5 (2) 1.016 
3.45 
16B-l PGRII +845.0 (2) 0.767 
16 B-2 PGRU 1795.7 (2) 0.7e6 
16B-3 PGRn 1885.0 (2) 0.753 
4.85 
17B-1 90501/ 1127.9 (2) 1.174 
17 B-2 905011 1123.7 (2) 1.178 
17 B-3 9050 II 1109.2 (2) 1.190 
1.67 
18B-1 13111 3l95.4 ~2) 0.462 
18B-2 13111 3218.1 2) 0.459 
18 B-3 13111 3179.3 (2) 0.464 
1.21 
19B-1 33111 2864.6 (6) 0.512 
19B-2 33111 2743.0 (2) 0.533 } 
19B-3 2567.8 0.567 .' 33111 : 
10.89 1: 
! 
.. 
: 
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Table 2'(continued) [1, 
'F' 
Specimen Average Group Variation Computed Graphite Electrical PnlEl.x-Pmin/Pav Thermal NASA 
Designation Type Resistivity X 100 Conductivity (Iln-cm)a (W/cm deg) ., 
. ~~) " 
20B-l ' 882711 1158.3 (2) 1.148 ,.' 
20B-2 882711 1176.8 (2) 1.134 
20B-3 882711 1176.7 (2) ;.1 . 1.134 
1.58 
21B-l CMBII 3944.8 (2) 0.378 
21B-2 CMEII 3831.4 (2) 0.389 , 
21B-3 CMBII 3889.2 (2) 0.384 " I 1 
2.92 \', '" , ,I 
22B-1' L-56 " 3318.4 (2) 0.446 \ 
22B-2 L-5611 3305.5 (2) 0.448- I I ! 
2213-3 1-5611 3260.1 (2) 0.453' I \ 
I :J 1.77 \ ",) ! I 
, , I 
1 
1719.8, (2) I 23B-l P-3W /I 0.817 I 
23B-2 P-3W II 1709.3 (2) 0.822 I 
"23:8-3 P-3W 1/ 1736.7 (2) 0.810 1 I 1.59 
... ·,,1 24B-l L-56GP /I 3209.0 (2) 
'" 
0~460 
24B-2 I;-56GPII 3183.1 (2) 0.464 ' 
24B-3 L-56GP II 3194.0 (2) 0.462 
0.81 
,\ ~ 
25B-l P3W-GPII 1710.0 (2) 0.821 \\ 
25B-2 P3W-GP/I 1723.7 (2) 0.816 
25 B-3 P3W-GPU 1704.6 (2) , 0.824 
1.11 
26B-l ME-1411 1860.1 (8,) 0.762 
26:8-2 ME-1411 2068.7 (4) 0.692 
26:8-3 ME-1411 2320.7 (6) 0."623 " 
" 
22.11 
27B-l ATL-GPII 1368.2 (2) 0.998 
27B-2 ATL-GPII 1348.7 (2) 1.010 
27B-3 ATL-GPII 1379.3 (2) l' 0.991'; I 
2.24 
28B-l ATJ-GPII ' ,1553.2 (2) 0.894 
" ,I, 
28B-2 ATJ-GPII 1556.7 (2), 0.892 
28B-3 ATJ-GPII 1598.1 (2) 0.872 
2.86 
29B-l CIG-GPII 1709.6 (2) 0.821 
,29B-~ CDG-GPII 2041.5 (2) 0.700 
29B-3 CDG-GPn 1503.2 (6) 0.920 
30.74 
'" 
C' 
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Table 2 (continued) 
Specimen !'Average Group Variation Computed Graphite Electrical Pma,x-Pmin/Pav Thermal NAsA 
Desi.gnation ,Type Resistivity x 100 Conductivity 
, (IlO-cm)a (%) (W/cm deg) 
" 
" 
30B-1 ATJS-GPII 1171.5 (2) t'~ 138 
30B-2 ATJS-GPII 1192.5 (2) 1.121 
30:8-3 ATJS-GPII 1202.1 (2) 1.114 
2.58 
31:8-1 ME-II II 2354.9 ~~~ 0.614 31:8-2 ~-1111 2177.8 0.660 
31B-3 ME-II II 22610'"1 (2) 0.638 
7.82 
32:8-1 ME-18 " 2857.6 (2) 0.5D 
32:8-2' ' ME-18 I! 2897.2 (2) 0.506 
32B-3, ME-lSlI 2632.4 (6) 0.554 
9.47 
33:8-1 2D9BII 3478.0 (2) 0.426 
3313-2 2D9BII 3499.0 (2) 0.424 
3313-3 2D9B II 3459.8 (2) 0.429 
11.27 
34B .. 1 2BE II 2201.6 (2) 0.657 
34:8-2 2BE II 2030.1 (2), 0.704 
34:8-3 2BE II 2130.4 (2) 0.674 
8.09 
35:8-1 2D8D" 7882.0 (2) 0.194 
35:8-2 2D8D II 8550.4 (6) 0.179 
35:8-3 2D8DII 7920.2 (2) 0.193 
8.23 
36B-l W ... 119 II 3017.5 (2) 0.488 
36:&-2 W:..119 II 3045.8 (2) 0.4·83 
36B-3 W-119 II 3131.7 (2) 0.471 
3.72 
37B-1 LIII 2074.8 (2) 0.690 
37B-2 LI/I 2196.5 (6) 0.655 
37B-3 LIIl 2074.0 (2) 0.690 
5.79 
38:&-1 ME-lSlI 3178.4 (2) 0.464 
, 3cLB~~2 ME-lSll 3237.8 (2) 0.456 
38~3 ME-15 II 3059.9 (6) 0.481 
5.63 t~' .. 
39,A.-1 AGX.i 1091.1 (2) 1.206 
39A-2 AGXi 1018.3 (2) 1.275 
,39A-3 AGXi 1046.3 (2) 1.248 
6.92 
11 
Table 2 (continued) 
Specimen 
NASA 
Designation 
40A-l 
40A-2 
40A-3 
Graphite 
Type 
AHOOl 
AHDG1 
AHDGl 
Average 
Electrical 
Resistivity 
(I1n-cm)a 
965.1 (2) 
948.9 (2) 
923.9, (2) 
Group Variation 
Pmax-Pmin/Pav 
x 100 
(%) 
4.36 
Computed 
Thermal 
Conductivity 
(W/cm deg) 
1.331 
1.348 
1.347 
~alues in parentheses refer to ,the number of tests on each sample 
that forms the average P value. 
NASA ATJ (p f'>J 1461) (Table 2) for parallel direction may indicate 
orientation effects in a type of graphite. Comparison of average P 
values of similar types of graphi tes among the NASA samples as, shown 
in Table 3 lends some validity to the results. For about half of these 
comparisons the difference in the average P values is less than the 
variation of the p values forming an average p value. 
Table 3. Internal Comparisons of NASA Supplied Graphites 
Electrical Electrical Difference Resistivity Type Resistivity Type (j..LO-cm) (j..Ln-cm) (lJh-cm) 
COO 1777 COO-GP 1751 26 
H-205 1134 'H-205-85 1254 120 
MHLM 948 MEiLM-85 859 89 
9RL 1170 39RT.I 1202 32 
3499 1J23 3499-S 1308 185 
ATJ 1461 ATJ-GP 1569 108 
ATJS 1213 ATJf::\-GP 1189 24 
ATL 1360 ATL-GP 1365 5 
L-56 3295 L-56-GP 3195 100 
P-3W 1722 P3W-GP 1713 9 
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THERMAL CONDUCTIVITY APPARATUS 
Thermal conductivity -measurements near room temperature were made 
on 10 selected graphite samples using a comparative longitudinal heat 
flow apparatus, which has been described elsewhere in detail. 5 
Briefly, the apparatus consists of a vacuum chamber, containing an 
axial column of two instrumented Armco iron heat meter bars into which 
the uninstrumented specimen is sa.ndwiched wi.th indium foil at each end, 
and a loading mechanism to apply a co~ressive loaa on the meter bar -
.specimen column. A heater on the top meter 'bar induces heat flow down 
the column. The amount of hea,t flowing is determined ::~rOln the four 
Chromel-P vs constantan thermocouples on each bar and the known thermal 
conductivity6 of the bars. The temperature drop across the sample is 
determined from these eight thermocouples. The sample thermal conduc-
tivity is calculated using its cross-sectiollal area and l.ength, the 
sample temperature drop, and the amount of heat flowing in the column. 
The power per unit area, P / A, flowing through each meter bar was 
calculated using the equation for unidirectional heat flow, 
I dT P A = - "MB di ' (2) 
where "ME is the thermal conductivity of the Armco iron meter bar, and 
dT/ax is the temperature gradient as indicated by the slope of a linear 
fit to the temperatures along the meter bars. The pIA flowing through 
the specimen was taken as the average for the top and bottom meter bars 
which generally differed by less than 2~ from each other. The thermal 
conductivity of the specimen, As' was calculated using 
(Vav (d) 
A = ---------
s (eM') s , 
(3) 
SJ. P. Moore, T. G. Kollie, R. S. Graves, and D. L. McElroy, 
Thermal Conductivity Measurements on Solids Between 20 
aCo arative-Lo itudinal A aratus: Results on 0 
ThxUl-X02+y and Al-U02 Cermets, OR~4121 June 1967 • 
6W. Fulkerson, J. P. Moore, and D. L. McElroy, J. Appl. Phys. ll(7), 
2639-2653 (1966). 
" 
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where d is the specimen height and 6T is the temperature drop 
s 
associated only with the specimen. Small corrections were made for 
temperature drops across the interfaces and the indium foils. A 
geometrical correction was applied to correct for the mismatch in 
meter bar and specimen areas. 
All ten of the NASA samples were prepared for testing by lapping 
their end faces parallel to each other and perpendicular to the sample 
axis to within I min of arc. The end surfaces were flat to one-fourth 
of an interference fringe using a flat quartz overlay plate. 
COMPARATIVE HEAT FLOW APPARATUS TESTS 
The particular comparative "longitudinal heat flow apparatus used 
in these tests had been reconstructed and several diagnostic tests were 
required prior to its use on the ten samples selected from the NASA 
supplied graphite specimens. Some of the details of these tests are 
given ,below. 
As a check on the operational adequacy of the apparatus, thermal 
conductivity determinations were made on three materials as check 
points. In two of these cases (Mo-O.5% Ti alloy and graphite specimen 
36B-3), thermocouples were attached directly" to the specimen, which 
allowed calculation of A directly as well as by the normal uninstrumented 
method. The third case involved use of an Armco iron standard of known 
thermal conductivity machined from the meter bar stock. 6 Table 4 
presents the results of these tests and calculations. The average 
agreement of the two calculations is better than ±5%. These" results 
span morle than 50% of the thermal conductivity range covered by the ten 
NASA specimens. We have previously estimated the total maximum deter-
minate uncertainty of a system similar to this to be ±6.8%. Previous 
experience with iron specimens of known thermal conductivity indicated 
" results with an imprecision of ±l~ could be obtained. s Analysis of 
the results on iron allowed the most probable error to be estimated 
[Eq. (12) of ref. 5] as 
"-~ error ~ ±l.SS spec ± 1.5 • 
d ,. 
I 
\ 
I 
" ! , 
Table 4. Calculated Thermal Conductivities 
Temperature 
(oC) 
21.44 
26.04 
27.43 
41.47 
58.65 
59.65 
26.48 
40.40 
59.63 
21.03 
31.96 
56.72 
57.00 
76.41 
a Includes 
Thermal Conductivity, W/cm deg 
Known 
Armco 
0.7116 
0.7087 
0.7078 
0.6990 
0.6883 
0.6877 
Normal 
Calculationa 
Iron (sold Elated) 
0.7116 
0.7087 
0.7078 
0.6990 
0.6881 
0.6874 
GraEhite (36B-3) 
0.4006 
0.3996 
0.4016 
Mo-O.5~ Ti (J59-2-l093) 
1.215 1.1446 
1.215 1.1234 
1.215 1.1835 
1.215 1.2204 
1.213 1.2065 
Thermocouples 
0.3997 
0.3981 
0.3999 
1.3156 
1.2664 
1.2365 
1.2404 
1.2600 
small temperature correction. 
Since the ten graphite specimens had d ~ 2.5 cm, the most probable error 
depends only on A and ranges from ±1.65~ for A = 0.2 W/cm deg to ±2.6% 
for A = 1.5 W/cm deg. Thus the current A measurement system appears to 
be capable of yielding A results accurate to about ±5~ with an expected 
imprecision of less than ±3~. 
THERMAL CONDUCTIVITY RESULTS 
'I'hermal conductivity measurements were completed on ten selected 
graphites with the results given in Table 5. Typical measurement and 
calculation data are given in Table 6. The measured A values ranged 
from 0.18 to 1.515 W/cm deg. 
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Table 5. Thermal Conductivity Measur~ments 
on Ten Selected Graphites Near 25°C 
Graphite 
Sample 
6:&-1, MALMII 
7:&-2, 9RL /I 
8:&-1, 3499-S" 
9:&-3, 40rJ711 
25B-3, P3W-GP/I 
37B-1, LI/I 
32B-3, ME-IS /I 
36B-3, W-119 " 
lOB-I, E-24 " 
35 B-3, 2D8D II 
Measured 
Thermal 
Conductivity 
(W/cm deg) 
1.515 
1,.252 
'1.062 
0.940 
0..859 
0..733 
0..597 
0.40.1 
0..380. 
0..182 
f ','r 
! 
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Table. 6 ~ Typ;i.ca1 Measur~mentand Thermal Conductivity 
Calcuiatip~, f~r Sample 36B-3 at 26.43°C 
, '. 
1. Operating Characteristics 
Vacuum: 4 x 10- 6 torr 
Compressive stress on sample column: 2660 psi 
Room temperature: 23.2°C (1381.7 J.1V) 
Specimen: graphite 
Length, L :' 2.4218 cm 
Area, A :s 1.1929 cm2 
Distanc~ be'tween thermocouples: 1.4224 em 
Meter bar: Armco iron 
Area,~: 1.2696 cm2 
Thermal conductiVity, AMB: 0.725 - 6.26 X 10-
4 T(OC) in w/~ deg 
Foils: indium (2) 
Thickness, d, each: 0.00508 am 
Thermal conductivity, Af at 26.48°c: 0.849 W/cm'deg 
2. Thermocouple D~ta 
Thermocouple 
Number 
8 
7 
6 
5 
10 
9 
Top Meter Bar 
Specimen 
Bottom Meter Bar 
4 
3 
2 
1 
645.3 
572.1 
502.1 
431.3 
297.0 
106.6 
-31.1 
-101.3 
-173.4 
-243.6 
3. Conventional Thermal Conductivity Ca1c~tion 
Meter bar heat flux: Q/A = ~AMB (t1r/tix)\ 
" '\ ' \ (\ Q/A)" = 0.816776; (Q/A J. = 0.834450 
, top MB \ ;' bottom MB 
(Q/A"J = (0.816776 + 0.834450) = 0.825613 
"- ./MB 2 
Distance from End 
of Meter Bar 
(cm) 
3.9959 
2.9975 
1.9947 
0.9934 
0.9816 
1.9838 
2.9857 
3.9877 
\ 
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Table 6 (continued) 
3. Conventional Thermal Conduc'civi ty Calculation (continued) 
(Q/~s = (Q/A1s(\rp,/As) = 0.878668 
The total temperature drop between the meter bars, 6TT, is: 
~T = 6Ts + 6Tfoi1 + 6Tcorrection (OC) 
6Ts = ~T - ~foil - ~correction 
,) 
6Tf'oll = (~j A) s d/Af 
~foi1 = (0.878668)(0.01016)/0.849 = 0.0105lA ,oc 
where ~is ~ temperature and stress dependent factor, which was 
deter:mined in previous exper~ents. 
~correction = 2(-0.023)(0.878668) = -0.040418 °c 
~ = 5.282447 - 0.010514 - (-O.0404J..a) = 5.312351 °c 
s 
As = (Q/~s (L/6Ts) 
As = (0.878668)· (2.4218/5.312351) 
A = 0.4006 W/cm deg at 26.48°C 
s 
4. Calculation of Thermal Conductivity Using Specimen Thermocouples 
AT = 3 .1264 0 c 
A,~ = ( Q/~s -( l:iX/I'!.T) = (0.878668)(1.4224/3.1264) 
= 0.3997 W/cm deg 
Percent d:l.f'f'erence between two calculations = 0.23~. 
" . 
~ I· j
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COMPARISON OF PREDICTED AND MEASURED 
THERMAL CONDUCTIVITY VALLlES 
Correlations between thermal conductivity, A, and electrical con-
ductivity, rr, of graphite near room temperature are based on observa-
tions as illustrated in Fig. 1. Figure 1 shows over 40 values of A and 
rr determined at ORNL for various graphites including the ten NASA 
samples. Table 7 lists the A and rr values for the other ORNL determina-
tions. Some of the results for the NASA graphite samples overlap and 
agree with ORNL results for rr values between 600 and 1200 (n_cm)-l. 
However, same of the NASA samples fall in a range, rr < 600 (n_cm)-l, 
where no previous ORNL data exist. The Moore-Murray correlatj.on7 was 
7J. P. Moore and W. P. Murray, Private Communication to 
R. T. Goodpasture, Y-12 Plant, April 10, 1968. 
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Fig. 1. Measured Thermal Conductivity and Electrical Conductivity 
for Various Graphites at Room Temperature. 
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Table 7. Room Te~iIper$.tU7'e A! £i,;Jld cf,:\t$.lties 
from Previousi:ORNL Detertninatlons 
• ~ • • I 
Materi~l 
1 Po-3 
2 POJ Ai 
3 P03 B.L 
4 CGB.\. , 
5 ATJ-SC;" 
6 AXF-5Q (43) 
7 ATJ-S" 
8 AXF-5Q (72) " \ 
, , 
',I, 
'i, 
'.I I', e 
9 ATJ-SGl d 
10 SC " " t 
11 ATJ-S.l d 
l2 AGOTl , " a 
13 H-337 " d .' ·Ii 
lA- SC ,f 
15 H-3371 ,d 
16 H-337 (13~22) 
17 H-337 (32 ", 
e " 
e, 
18 SC t : 
19 SC tt 
20 SC t 
21 SC t 
22 SC t. 
23 SC t 
24 SC t 
25 ": se t 
26 SC t 
'Z7 SC t 
28 SC t 
29 SC f 
30 CGB" c 
31 se f 
aJ • P. Moore, R.. S. Graves, D. L. McElroy.. and ('W'. P. Murra, .. 
Metals and Ceramics D:!:!,:.~!!. Proir. Rept._June_~O,'!97q, ORNL-4570 .. 
pp. 226-227", Iii :i:' 
b J. P • ,Moore .. R~ :S. IGraves.. nnd D.L. JttcEl:r.oy /:Metals and Ceramics 
Div.Ann. ProE: Rept:..,..June 30, 1971; .. ORNI,...4770,: Cha:p~-:--
c ' ,: ','., :,:;l 
J. P. Moore .. T,. G. Godfrey .. D. L. McE1r'o~', N. N. EIltCe1 .. and 
w. P. Murr"" "Progress Report .. " pp. PR-1--PR-29 'in .. !!;Ocee,d1Lnfs of the 
4th Conference on Therml1.1 Conductivity, O~(,)ber !J'J...!4·z 13,6(1964 .. 
u.s. Naval Radiological Defense Laboratory .. San I:ll"all.C!sco .. c,ai fornia. 
~. S. Graves .. ::J. P. Moore .. and D. L. McJ~'lrdyf'ksR I'rogram Semiann. 
Progr. Rept. Feb. 28, 1969, ORNL-4396 .. I'. 219.," "i,1- -
eJ •· P. Moore aud ~~. G. Ko11ie .. Metals and. CereuPics ])iv. Ann. ProE. 
'Rept. June 30, 1971 .. OmTL-4770 .. Chap. 34. -.----
f J. P. Moore and D. L. McElroy .. private cOJJlJIll.ll'licat.ion tj) 
R. T. Goodpasture .. June 18 .. 1968. 
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generated using data in .:the <T range, 700 to '2000 (n_cm)-l as, 
A = 0.00098 <T + 0.23 . (4) 
The Moore-Murray linear correlation appeared to be valid to ±15~ for A 
data on graphites in this '700 to 2000 (n_cm)-l range. Inclusion of the 
A-a data for the NASA samples does not detract from the Moore-Murray 
correlation for a values above 400 (n_cm)-l. However, significant 
deviations do occur for A values associated with a values below 
400 (n_cm)-l. It is apparent from Fig. 1 that other linear correlationsS,9 
show similar discrepancies for a values less than 2000 (n_cm)-l. 
Therefore, a quadratic correlation was sought to fit all of the 
data in Fig~ 1. The resulting equation was 
A = 1.56 X 10- 3 cr - 0.266 X 10-6 cr2 • pp (5) 
A ±8~ band around this equation includes all but four of the A-cr values 
[(App - Ameas)/AppJ. This parabolic equation is shown in Figg 1 and 
Fig. 2 contains deviation values from this equation versus cr. Since 
this parabolic expression fits the available data better than existing 
linear express:i.ons, it was used to obtain the predictions of A listed 
in Table 2 for the 120 graphite samples. 
CONCLUSIONS 
A computer operated data acquisition system yielded room tempera-
ture electrical resistivity measurements on 120 graphite samples using 
a four-probe direct-current technique. Although sample geometry was 
nonideal, these results are probably accurate to ±l%. Room temperature 
thermal conductivity measurements were completed on ten selected graph-
ite samples using a longitudinal compa.rative heat flow apparatus to a dem-
onstrated accuracy of ±5ajo and an inlprecision of less than ±3%. A parabolic 
correlation between room temperature values of thermal and electrical 
SR. W. Powell, Proc. Phys. Soc. (London) 49(4), 419-425 (1937). 
9L. M .. Currie, V. C. Hamister, and H. G. MacPherson, "The Production 
and :Properties of Graphite for Reactors, tI pp. 451-473 in Proc. Intern. QEn!. Peaceful Uses Atomic Energy, Geneva, 1955, Vol. a, ~olumb!a 
University Press, New York, 1956. 
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Fig. 2. Deviation of Measured Thermal Conductivity fram Predicted 
Thermal Conductivity for Various Graphites at Room Temperature. 
conductivity for these and other graphites appears to describe the 
results to ±8%, which is about twice as good as previous linear 
correla.tions. 
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